Introduction
The title compounds 3,3,3-trifluoropropene (TFP) and hexafluoropropene (HFP) are important intermediates for preparing fluorinated polymers. The molecular structure of TFP has been studied by microwave [1, 2] and electron diffraction [3] methods. An electron diffraction study of HFP [4] suggested that the F 2 C = CFC skeleton is twisted 40but a subsequent microwave investigation [5] confirmed that the skeleton is planar as expected. A very recent new electron diffraction study [6] reconfirmed the planar skeleton for HFP. Various physical studies including photodissociation [7] , calculation of fluorine-fluorine NMR coupling constants [8] , measurements [9] and calculations [10] of core level binding energies and calculations of charge distributions [11] have recently been reported for HFP.
The vibrational spectra for these molecules have only been incompletely studied. Thus, the infrared spectrum of TFP in the middle infrared region was reported by Crowder and Smyrl [12] (later referred to as CS). Their tentative assignments were hampered by the complete lack of Raman spectra and polarization measurements in particular. A very careful infrared and Raman study of HFP was published by Nielsen, Claassen and Smith [13] (NCS) more than 25 years ago. Since their infrared region was restricted by their KRS-5 optics and the Raman polarization data were uncertain, their assignments are in need of revision. No normal coordinate analyses have to our knowledge been reported for either TFP or HFP.
We therefore decided to reinvestigate the infrared and Raman spectra of TFP and HFP, including accurate Raman polarization measurements in the vapour and in the liquid state. Moreover, far infrared spectra were recorded by means of a 5 m long path length cell in order to find the unobserved torsional frequencies. The assignments were checked by a normal coordinate analysis in which fairly similar force fields were adopted for both molecules.
Experimental
The samples were commercial products from PCR, Inc. Their purities were checked by gas chromatography at dry ice temperature, and they were studied without purification.
The infrared spectra were recorded in the region 4000-180 cm" 1 with a Perker-Elmer model 180 spectrometer. Below 400 cm" 1 a Polytec FIR 30 far infrared interferometer was employed, using beamsplitters of Mylar of thicknesses 12 and 25 Standard vapour cells of 10 cm path length and windows of KBr and polyethylene were used above 180 cm -1 . A 5m copper tube with polyethylene windows connected with the interferometer functioned as a vapour cell for the far infrared region below 300 cm -1 . Additional infrared spectra of TFP and HFP in CC1 4 and CS 2 solutions were obtained.
The Raman spectra were recorded with a Coderg model T 800 spectrometer, excited by a Spectra Physics model 170-03 argon ion laser, using the 5145 and 4880 Ä lines. The liquids were studied in sealed ampoules under pressure, with less than 100 mW laser power. The vapours were filled to ca. 600 torr pressure in a cube-shaped vapour cell of stainless steel, using 4 -10 watts of laser power. Careful polarization measurements of the vapours and liquids were made by measuring spectra with the electric vector of the scattered radiation parallel and perpendicular to that of the exciting light. A polarization scrambler was placed before the entrance slit of the spectrometer.
The infrared vapour spectrum of TFP is shown in Fig. 1 (corresponding curves for HFP are given by NCS [13] ) while the Raman spectra of TFP and HFP as vapours are given in Figs. 2 and 3 , respectively. Lists of the observed wave numbers for the infrared and Raman bands are presented in Tables 1  (TFP) and 3 (HFP) , The assigned fundamentals for the two compounds are compared with the calculated frequencies in Tables 2 and 4 . Finally, the force constants employed in the normal coordinate analyses of both compounds are listed in Table 6 .
Spectral Interpretation
The structural data reported for TFP [1 -3] and HFP [5, 6] leave no doubt about planar skeletons of both molecules. Therefore, it seems safe to conclude that both molecules belong to point group C s for which the 21 fundamentals divide themselves into 14 of species a' and 7 of species a". The lowest and intermediate axes of inertia lie in the symmetry plane for both molecules [2, 5] . Therefore, the a fundamentals should have infrared vapour contours being A/B hybrids, while the a" modes should have C-type contours. However, as apparent from Fig. 1 regarding TFP and the figures given by NCS [13] for HFP, the infrared contours are frequently ill defined although some distinct Ctype bands were prominent and could immediately be correlated with a" fundamentals. Conclusive evidence for species a' or a" could for practically all the modes be extracted from the Raman spectra. Most of the Raman bands gave clear-cut polarization ratios both in the vapour phase and in the liquid state spectra and the vapour bands of species a' had prominent Q-branches.
Finally, the results of the normal coordinate analyses were of great help for the assignments and gave important clues regarding overlapping a' and a" modes.
3,3,3-Trifluoropropene
The fundamental frequencies listed in Table 2 appear quite certain on the basis of the available infrared and Raman data and the results of the force constant calculations. Interpretations reported by CS [12] were based upon mid-infrared data alone and comparison with the corresponding vinyl trifluorosilane spectrum. As apparent from Table 2 , two of our fundamentals (r 14 and r 21 ) which were particularly prominent in the Raman spectra were not observed previously [12] . In addition, our Raman polarization measurements made it clear that a number of CS' fundamentals were assigned to the opposite symmetry species. For the sake of brevity, we shall restrict our discussions mainly to the instances in which we have changed their assignments.
Since the 1284 cm -1 infrared vapour contour could be either A or C, the band might be attributed to species a". However, the Raman band is definitely polarized and should therefore be r 7 of species a' involving mainly CF 3 stretch. The bands with complex infrared vapour contours around 1170 cm -1 appear as two distinct vapour bands 20 cm -1 apart in Raman. Since one is polarized and the other depolarized they have been assigned as the a' and a" CF 3 stretching modes v 8 and v 15 . The 1020 cm -1 infrared band has a C-type contour with a prominent Q-branch, and was assigned as r 16 since the Raman band with uncertain contours, had a polarized Raman counterpart and was assigned as r 9 . Although the infrared vapour contour around 710 cm -1 looks more like B than C, and the very weak Raman band had an uncertain polarization ratio, we have tentatively assigned the band to r 18 in excellent agreement with the calculated value. On the other hand the Raman vapour band at 637 cm -1 was polarized and with a sharp Q-branch it was assigned as v n , also in contradiction to CS proposal [12] . The corresponding infrared vapour band had very complex features, probably as a result of Fermi resonance between the fundamental and 2 r 20 and )' 19 + v21. CS have assigned an infrared band at 552 cm -1 to coinciding a' and a' modes. Our Raman spectra strongly support this conclusion since two bands were observed, separated by 14 cm -1 in the vapour and 26 cm -1 in the liquid spectra. The high frequency band was polarized and assigned as r v >, the low frequency band was depolarized and therefore attributed to the a" fundamental r 19 . The strong Raman vapour band at 320 cm -1 has the appearance of an a" mode and is furthermore depolarized. Although the corresponding infrared vapour band has no prominent Q-branch the bands are assigned as r 20 rather than v u [12] .
A very intense Raman vapour band at 276 cm -1 was definitely polarized and therefore assigned as r 14 , whereas the infrared counterpart was extremely weak. Similar intensity relations were found for the bands around 70 cm -1 apparently connected with the CF 3 torsional mode. The infrared band around 60 cm -1 was very weak even in a 5 meter path length cell and showed no fine structure with 0.5 cm" 1 resolution. In the Raman spectra a strong, broad, depolarized band was observed at 70 cm -1 in the vapour and at 83 cm -1 in the liquid spectrum. No rotational fine structure or hot band progressions were detected in the Raman vapour spectrum with the slit widths (6 -2 cm -1 ) used. Moreover, no higher harmonics of r 21 were found in the Raman spectra, as frequently reported by Durig and coworkers [14, 15] for comparable systems. The agreement with the value of 88 ± 25 cm -1 estimated from the microwave spectra [2] is satisfactory. Using the program ONETOP [19] and the structural parameters of Table 5 , the torsional barrier in TFP was calculated as V3 = 535 cm -1 (equal to 1530 cal/ mol) when the absorption maximum was assigned to the u = 0 -> 1, v = 2 and the v = 2 -3 transitions.
The breadth of the vapour bands observed in infrared as well as in Raman, suggests that many excited states are populated. Since the anharmonicity is reasonably small the hot band progression is not resolved in the spectra.
Hexafluoropropene
The experimental infrared and Raman frequencies of Table 3 support the remarkably accurate work published by NCS [13] more than 25 years ago, in which also Raman vapour data were included. However, with photographic registration their polarization measurements were in several cases uncertain, leading to apparently wrong assignments. Also, their [16] and the existence of four definitely depolarized bands advanced as an argument for a planar F 2 C = CFC skeleton.
Our assigned fundamentals, listed in Table 4 , are compared with the calculated frequencies and with the earlier assignments [13] . Only the cases in which we have revised NCS' interpretations [13] will be briefly commented.
Overlapping the intense infrared and Raman bands around 654 cm -1 we have observed shoulders at 648 cm -1 in the liquid state spectra. Since the latter Raman band was depolarized, it is assigned as J' 16 in good agreement with the results of the normal coordinate calculations. NCS assigned the bands around 560 cm -1 to overlapping a' and a" fundamentals v 10 and r 16 . Our data strongly suggest only one fundamental in this region. Since the weak infrared band at 559 cm -1 had a C-type contour and the intense Raman band seemed depolarized, we have assigned them to the a" mode )' 17 . The close lying pair at 373 and 360 cm"" 1 (Raman vapour) were assigned by NCS [13] as a" and a' fundamentals, respectively. However, both bands are definitely polarized and should therefore be assigned as a' modes (v n and r 12 ) supported by the normal coordinate analysis.
A medium intense infrared band at 289 cm -1 (outside NCS' region) had a very weak and apparently polarized Raman counterpart and was assigned as v 13 . NCS were forced to assume overlapping a' and a" fundamentals around 250 cm -1 , while this band should in our opinion be attributed to r 19 only. The infrared vapour contours and Raman polarization measurements both reveal that the bands around 171 and 126 cm -1 should be a' and a" modes, respectively, whereas NCS have made the opposite assignments [13] .
A very weak infrared vapour band was observed at 60 cm -1 while no other absorptions bands were detected above 30 cm -1 . An extremely weak Raman band of the liquid was detected at 80 cm -1 for which no polarization ratio could be obtained. In spite of many attempts with varying slits, laser power and exciting laser lines no corresponding Raman banc! was detected in the vapour phase. Since the Rayleigh background was quite low the experimental conditions should be favourable for observing the vapour band. NCS, however, reported Raman bands at 94 cm -1 (vapour) and 84 cm -1 (liquid) and assigned [13] them to the torsional mode v 21 . It seems ironic that the present Raman technique involving a 10 watts laser, triple monochromator, cooled detector and photon counting should not match the nearly 30 years old facilities [13] including a Toronto lamp, glass prism spectrograph and photographic recording.
In infrared, the low intensity of the 60 cm"" 1 band has apparently, prevented earlier observations [17] . Our experiments indicate that the infrared intensities of r 21 are of comparable magnitude for TFP and HFP. In Raman, however, the intensity was at least 100 times larger for TFP, revealing very different polarizability terms for the CF 3 torsional motion in the two compounds. In the series CF 3 -CH 2 X (X = I, Br, CI, F) Lopata and Durig [18] reported very intense and broad Raman bands connected with the torsional modes, in agreement with the present data for TFP, but in contradiction to the results for HFP. The present value for v 21 will give an estimated barrier height [19] equal to V 3 = 1235 cm -1 . An estimated value of 30+15 cm -1 for the torsional mode in HFP was derived from the microwave spectra [5] , but this value seems definitely to be too low in view of the present results. The recent electron diffraction study of Lowrey et al. [6] suggested that the CF 3 group in HFP was not freely rotating although their barrier height was estimated to be as low as 425 cm"" 1 (1500 cal/mol). However the introduction of a V 6 term in addition to V 3 will tend to reconcile the present estimated potential parameters with those obtained from electron diffraction [6, 25] .
Force Field Calculations
The normal coordinate calculations were carried out using valence type force constants in a basis of mass-weighted cartesian coordinates [20] . Several factors added to complicate these calculations. Most important was the lack of data (21 measured frequencies per compound compared to 133 different elements in a general harmonic force field) and the strong mixing of internal vibrational modes, which resulted in highly significant contributions to the Jacobian matrix from several interaction constants. This mixing was also responsible for drastic changes in the vibrational energy distribution (approximate motion) upon minute changes of the interaction constants. Thus a "reasonable" energy distribution was used as an extra criterium to decide the goodness of a fit.
We expected the structure (and the involved force constants) of the two trifluoromethyl groups to be similar. Therefore new restructures were calculated, especially since the published MW-structure for TFP is a conglomerate of structural parameters obtained from electron diffraction (r g ), Kraitchman calculations (r s ) and fit to rotational constants (r 0 ) [2], and since new diffractional data for HFP have just been published [6] . For TFP, the rotational constants for different isotopic species were corrected (in A) to yield the same pseudoinertial defect as for the parent species. The obtained rotational constants were employed to obtain a fit of the structure using the program GEOM [21] and fixing the fluoromethyl group at CF = 1.334 Ä and FCF = 108.0°. For HFP all the three = CF distances were additionally set equal to 1.325 Ä.
It was necessary to introduce a tilt of the trifluoromethyl group in TFP to reconcile rotational constants of different isotopic species [2] ; for HFP this tilt was neglected. The resulting structural parameters for TFP and HFP are collected in Table 5 . The assignment and force field for the parent compound of TFP, ethylene, is well established [22] . Calculations using a modified force field almost identical to the appropriate part of the force field for TFP gave a reasonably good fit and yielded similar numerical values for the two molecules. The assignment of tetrafluoro ethylene is much less certain [23, 24] . A modified valence force field was fitted to the data of Nielsen et al. [23] as part of this work. The force constants for tetrafluoro ethylene are apparently not directly transferable to HFP, although the discrepancy can be caused by the simplyfying assumptions incorporated into the force field of HFP to be described below.
The least amount of mixing among the internal modes was found in TFP, therefore a force field for this molecule was first determined.
3,3,3-trifluoropropene
In order to keep the number of force constants as low as possible, the two vinyl hydrogen atoms opposite the fluoromethyl group were treated as equivalent and the force constants involving the third hydrogen atom were restricted to values close to those involving the other two.
Moreover, the three fluorine atoms were considered equivalent. The a' frequencies were calculated after several attempts were made to define the most meaningful interaction constants, required to obtain a good fit. The assignment posed no problem, i. e. the vibrational energy distribution corresponded to the assignment given above.
The a" frequencies, however, were easily fitted, but the vibrational energy distribution fluctuated wildly. Only the introduction of an interaction constant twist/H-wag stabilized the fit. This is probably reasonable since both internal coordinates result principally in a movement of the third hydrogen atom perpendicular to the plane of the heavy atom, thus they will very easily couple.
Hexafluoropropene
The a" vibrations did not cause any problems and the interaction constant twist/F-wag was not necessary, apparently because the C -CF 3 part participates more in the fibration relative to CF and thus decouple the two internal modes. Besides the simplifications introduced for TFP, the C = C -C and the C = C -F in plane bend were considered equivalent for the geminal, trans and eis deformation interactions. The vibrational energy distribution for the CF 3 -deformation and the C -C stretch are very unfavourable. Other quite similar force fields gave much better correspondance with the assignment but then failed for the CF-stretches. Undoubtedly, the inclusion of more interaction constants would result in a more reasonable vibrational energy distribution.
Including the simplifying assumptions, 23 force constants were needed to fit the spectrum, forcing us to keep at least 3 terms constant during the iteration procedure.
The force constants are collected in Table 6 and as apparent most of the physically significant stretching and bending constants which can be compared are quite similar for TFP and HFP. An ex- ception is represented by the torsional constant which was much higher for HFP as a consequence of our experimental results. As mentioned above the agreement between the corresponding force constants in TFP and ethylene is quite good, whereas larger discrepancies were observed between those of HFP compared to tetrafluoro ethylene.
